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INTRODUCTION
Precipitation is partly intercepted by vegetation, from which it evaporates without reaching the soil. Interception of rain is especially important for tall vegetation such as a forest (Rutter, 1967; Stewart, 1978) , because of the strong coupling between the canopy and the atmosphere, resulting in a high evaporation rate from the wet canopy. The process-oriented approach of Rutter (Rutter et al., 1971) made it possible to develop physically based models of rainfall interception. From the Rutter model are derived an analytical model by Gash (1979) , numerical models by Mulder (1985) and Whitehead and Kelliher (1991) , and to a lesser extent a stochastic model by Calder (1986) .
Evaporation from the wet canopy can be calculated using an aerodynamic resistance (r a) which is determined from the roughness length for heat transfer z0. ~. The roughness lengths for heat (both sensible and latent heat) deviate from the roughness length for momentum. This difference results from the transfer mechanisms involved: heat and water vapour are only transported by eddies, whereas momentum is also absorbed as a result of pressure gradients near the surface (Chamberlain, 1966; Brutsaert, 1982) .
The difference between the roughness lengths for momentum and for heat has already been introduced in the simulation of transpiration (Thom, 1972; Monteith and Unsworth, 1990; Baldocchi et al., 1991) . A realistic estimate of roughness length is especially important for wet conditions when atmospheric coupling is strongest (Jarvis and McNaughton, 1986 ). The models of Rutter, Gash, Mulder and Calder neglect the difference in roughness length of momentum and heat. Whitehead and Kelliher (1991) calculated the aerodynamic conductance using a combination of a boundary-layer conductance for the foliage together with an 'eddy conductance'. The first term includes parameters depending on the forest type, and varies with the leaf area index. Teklehaimanot et al. (1991) used an equation depending on the tree density. These extensions give good simulation results but need specific measurements. In this study a simpler approach is suggested.
The objective of this study was to analyse the sensitivity of interception models to the roughness lengths for momentum and heat.
Two interception models were selected for further analysis of the level of complexity needed for a realistic simulation of interception. The models of Gash (1979) and Mulder (1985) were chosen, because both use similar relationships, but differ in complexity. Data from a coniferous forest in France and a deciduous forest in the Netherlands were used to analyse the universality of these models.
THEORY

Interception
The interception process can be divided into three phases. The first phase, the wetting up phase, ranges from the start of the storm up to saturation of the canopy. During the second phase, the saturation phase, the canopy surfaces are completely wet. The last phase is the drying phase after the storm.
The total amount of intercepted water evaporated from the canopy (I) is the summation of the intercepted water evaporated during the three phases I= I w+/~+I d
When the gross precipitation (Pg) is too small to saturate the canopy, the total interception is given by
Gross precipitation is the total precipitation measured outside the forest.
Net precipitation is the total of throughfall and stemflow inside the forest. The variable p is the free throughfall coefficient. It is the ratio between open space in the canopy and the total canopy area. The amount of rainfall necessary to saturate the canopy (Pg) is given by (Rutter et al., 1971) 
where/~ is the average rainfall intensity (mm h-i ),/~ is the average evaporation rate (mm h -~) during the storm and S is the storage capacity of the canopy (mm).
Storms larger than P'g give a total evaporation of intercepted water which depends on the evaporation rate and rainfall intensity during all three phases of the storm. Interception during these phases is given by
Both Gash (1979) and Mulder (1985) models use the storage capacity (S) and free throughfall coefficient (p). These canopy parameters are derived from the daily totals of gross and net precipitation through the Leyton analysis (Leyton et al., 1967) , and are assumed to be constant for the simulation period.
Evaporation
Total interception depends strongly on the evaporation rate. The evaporation rate is calculated from the slightly modified Penman equation
where E is the evaporation rate (kg m-2 s-~), s is the slope of the saturated water vapour pressure with temperature (Pa °C 1), A is the available energy (W m-Z), Cp is the specific heat of air at constant pressure (J kg -I °C-l), Da is the vapour pressure deficit of the air (Pa), p is the density of the air (kg m-3), 7 is the psychrometer constant (Pa °C-~), 2 is the latent heat of vaporization (J kg -~) and ra,. the aerodynamic resistance for heat (s m-l). It should be noted that Penman approximated ra, H by ra, M, the aerodynamic resistance for momentum.
The aerodynamic resistance for heat (ra, H) is calculated by
where k is the von Kfirmfin constant ( = 0.4), u is wind speed (m s-J), z is measuring height (m), d is zero plane displacement (m), Z0,M is the roughness length for momentum (m) and z0,. is the roughness length for heat (m). In eqn. 8 the corrections for stability have been neglected as their influence is generally small for forests under wet conditions. For closed canopies the roughness length for momentum can easily be estimated from the canopy height he. Shuttleworth (1989) gives the average of 15 coniferous forests: Z0,M hc-~ = 0.076 (based on values presented by Jarvis et al. (1976) . Gash (1979) used z0, M hc -1 = 0.1 to estimate Z0,M. Dolman (1986) also found that z0, u h~ -l = 0.1 for a deciduous forest. A higher accuracy can be obtained in situ with wind profile measurements.
Determination of z0,. is much more difficult. Estimation of z0, H from the radiation surface temperature suggests that in heterogeneous terrain z0, H is three orders of magnitude smaller than Z0,M (Beljaars and Holtslag, 1991) . However, for sensible and latent heat exchange Brutsaert (1982) summarizes several relations which suggest that Z0,H is only one order of magnitude below Z0,M. Given the uncertainty in the relation ZO, H/Zo, M , in this study the simplest relation is used, as proposed by Garratt and Francey (1978) ln ( 
The zero plane displacement for heat might also deviate from the value of momentum, for instance when water is evaporated from levels in the forest that deviate from the levels of mean momentum absorption. Following Raupach and Thom (1981) , the value of d is taken as being identical for heat and momentum exchange.
The models Gash model
Gash used the regression between interception and gross precipitation in combination with some physical relations from Rutter et al. (1971) to describe the interception process.
Interception (I) is calculated assuming all rainfall of the day in one storm. Moreover, interception is calculated using average values of evaporation (~ and rainfall intensity (R) over the whole simulation period. These values are estimated for the hours that the canopy is saturated. The canopy is assumed to be saturated when the gross precipitation during 1 h is larger than the storage capacity.
When ra, H is used in the Penman equation the model will be denoted as 'Gash Z0,H'. When the original Penman equation is used the model will be denoted as 'Gash Z0,M'. It is also possible to calculate/~ directly from the regression of measured I on Pg, without using the Penman equation
where E a R
,, '} This model version is denoted as 'Gash,egr'.
Mulder model
The Mulder model takes into account the number of storms per day, which is a more realistic estimation of the interception during the wetting and drying cycles over the day. The number of storms is determined from all storms which are separated by at least 2 dry hours. Total daily precipitation and number of storms (n) are transformed into n identical storms with equal depth and duration, and evenly spread over the day. For every storm, the durations of the three interception phases are combined with the evaporation rate to determine the interception. When the time between the storms is too short to dry the canopy completely, the water left in the canopy after the storm is taken into account in the next storm.
In the Mulder model the hourly meteorological measurements are averaged over part of the day, depending on the conditions. Within each day four conditions are possible: (i) dry during daytime; (ii) dry during night-time; (iii) rainy during daytime; (iv) rainy during night-time.
For each condition the average rainfall intensity (R) and, with the Penman equation, the average evaporation rate (E) are determined. This is an important difference with the Gash model, where R and/~ are averaged over the whole simulation period.
The notation of 'Mulder z0, H, ' and 'Mulder Zo. M' is the same as with the Gash model.
EXPERIMENTAL METHODS
The models are tested against observations from two locations: Les Landes, France with coniferous forest and Ede, the Netherlands, with deciduous forest.
Les Landes was one of the locations in HAPEX-MOBILHY. A description of the micrometeorological measurements was given by Andr6 et al. (1988) and by Gash et al. (1988 Gash et al. ( , 1989 . The observations on interception have not been compared with simulated values before.
Throughfall was measured in a 30 m x 30 m plot of Pinuspinaster with 22 bottle gauges, relocated every 2 weeks. Throughfall was measured every 5 min by 16 tipping-buckets raingauges, randomly placed and connected to data loggers. Stemflow was measured for several trees and appeared to be small. Therefore stemflow has been neglected in this study. Gross precipitation was measured above the forest. The results were not significantly different from measurements of rainfall in a forest clearing, 480 m from the tower (Gash et al., 1988) . The simulation period was from 8 February to 31 December 1986. Daily totals of 85 days with complete meteorological measurements were compared with the simulated values.
The second site is a deciduous forest near Ede in the Netherlands. This forest of Quercus rubra was the site of a detailed water balance study (Hendriks et al., 1990) . Throughfall was measured in a 25 m x 25 m plot, using troughs of 8, 10 and 12 m length and 0.10 m width (total catchment area 3 mZ). The discharge from these troughs was collected in a vessel. A pressure transducer, connected to a datalogger, measured the water level in the vessel. Stemflow of six trees was recorded together, but appeared to be negligible during summer. Gross precipitation was measured above the forest and in a clearing, 400 m west of the forest measurement site. Measurements at both locations agreed very well. The simulation was performed over the months of July, August and September of 1988 and 1989. In these years, respectively, data from 50 and 38 days were available for comparison with the simulations. Site characteristics and measurement results for both sites are summarized in Table 1 . 
RESULTS
The parameters of the simulations are given in Table 2 , and the results of the simulations in Table 3 TABLE 3 Cumulative totals of measured and simulated interception for periods shown in Fig. 1 Interception, Fig. I(A-F) . Comparison of cumulative interception simulated using the five procedures described in the text and measured at Les Landes (France) and Ede (Netherlands).
of 0.55 (_+ 2%) as found by a point-quadrat survey technique using an anascope (Gash et al., 1988) . This error may be attributable to the Leyton analysis, which is an approximate determination method. Average rainfall intensity during the saturation period (R), needed in the Gash simulation, was 1.26 mm h -~ . Average evaporation rate/~ was 0.19 mm h-1 using z0,M = 1.9 m in the Penman equation, and E" was 0.10 mm h 1 using Zo,H = Zo,M e -2 = 0.26 m. Regression analysis of interception measurements Table 2 ). The Gashregr. simulation (J~ calculated from regression) gives the best simulation results (Fig. 1 (a) ), but the discrepancy with Gash z0, H is very small (Fig. 1 (B) ). The use of z0, n instead of ZO,M, improves the simulation results for both models. Ede, 1988 Hendriks et al. (1990) found with the Leyton analysis a value of S of 0.7 mm. Because the leaf area index (La) in 1989 was the same as in 1988, p was assumed to be the same in 1988 and 1989 (Hendriks et al., 1990) . Its value was estimated from point measurements with an anascope and resulted in a p of 0.31. The average rainfall intensity (/~) was 1.89 mm h-~ during the saturation period. The parameters found by Hendriks et al. were also used in the Gash Z0,M, Gashregr. and Mulder z0, M simulations (Table 2) . Using z0,. = Z0,M e -2 = 0.23 m improves the simulation results ( Fig. l(d) ). The Gash model gives a better agreement than the Mulder model.
Ede, 1989
Although the determination of S for 1989 by Leyton analysis was possible on only a few data, the value found (0.5 mm) was used. The average rainfall intensity was 1.78 mm h-I
The simulations improve when using z0,H. As in 1988 both models overestimate the total interception, but the discrepancy is smaller.
DISCUSSION
Using ra, M in the interception models of Gash and Mulder results in an overestimation of the interception for Les Landes and Ede, in agreement with conclusions of Hendriks et al. (1990) . The simulation results for Ede as presented in this study differ slightly from the results of Hendriks et al. because the Mulder model was slightly adapted. In this study the evaporation rates were calculated from hourly meteorological data instead of only 3 h spread over the day.
Good agreement with data by the'Gash and Mulder models using z0, M in previous studies (Dolman, 1987; Hutjes et al., 1990 ) may have been caused by a fortuitous cancellation of errors. The good agreement of Hutjes et al. (1990) between measured and simulation results probably resulted from systematic overestimation of observed relative humidity during rainfall, as humidity was measured in a small nearby clearing (Hutjes, personal communication, 1992) ; Dolman (1987) neglected the influence of advection on the very small patch of forest. The use of z0,H in the interception models instead of z0, M improved the results in all cases. Les Landes data appear to be more sensitive to a change in evaporation rate than the Ede data. This is explained by the small storage capacity of Les Landes, resulting in a large part of the interception during the saturation phase.
The simulated values of interception loss by the Gash model are lower than those of the Mulder model for both z0, M and z0, . parameters. Compared with the Gash model, the Mulder model is a more realistic simulation with/~ and /~ estimated per condition per day. The overestimation of interception by the Mulder model suggests that the aerodynamic conductance may even be smaller than the value used.
The use of/~, estimated by regression in the Gash model, results in a good estimate of the interception loss of the Les Landes forest. The evaporation rate found on Les Landes of 0.10 mm h -~ ( = 70 W m -2) is low. This is explained by the low humidity deficit (1.4 hPa), and by the low value of the net radiation (44 W m -2) during the storms. The low humidity deficit during storms may be explained by evaporation of falling raindrops.
Both the Gash and Mulder models are sensitive to a change in the evaporation rate. If E is estimated from the interception loss measurements, as used in Gashregr. , close agreement with the observations will be obtained. Extrapolation of the results of Gashregr. to meteorological situations that deviate from the observation period is risky, as evaporation rate varies considerably.
Extrapolation is less risky when interception is calculated using the Penman equation, but more input data are needed. This study shows the significance of the aerodynamic resistance, and consequently the roughness length, in the Penman equation.
CONCLUSIONS
The use of the roughness length for heat instead of the roughness length for momentum improves the simulated interception.
Both the Gash and Mulder models, using the roughness length for heat, gave good estimates of the interception totals for forest at different locations.
Compared with the Gash model, the Mulder model needs more input data and is more complex. The complexity of the models appears to have only a minor effect on the simulation when compared with the influence of the use of Zo, H . 
